As resveratrol derivatives, resveratrol aliphatic acids were synthesized in our laboratory. Previously, we reported the improved pharmaceutical properties of the compounds compared to resveratrol, including better solubility in water and much tighter binding with human serum albumin. Here, we investigate the role of resveratrol aliphatic acids in Toll-like receptor 2 (TLR2)-mediated apoptosis. We showed that resveratrol aliphatic acid (R6A) significantly inhibits the expression of TLR2. In addition, overexpression of TLR2 in HEK293 cells caused a significant decrease in apoptosis after R6A treatment. Moreover, inhibition of TLR2 by R6A decreases serum deprivation-reduced the levels of phosphorylated Akt and phosphorylated glycogen synthase kinase 3β (GSK3β). Our study thus demonstrates that the resveratrol aliphatic acid inhibits cell apoptosis through TLR2 by the involvement of Akt/GSK3β pathway.
Introduction
Resveratrol is a phytoalexin polyphenolic compound, 3,4′,5-trihydroxy-trans-stibene ( Fig. 1 ), which exists in many plants, including grapes, berries and peanuts. The compound attracts great attention due to its wide range of biological properties including antitumoric, antileukemic, and antibacterial activities. Also, it has strong antioxidative and antiinflammatory activities associated with chemopreventive properties 1, 2 . For example, resveratrol inhibits the growth of breast cancer cells [2] [3] [4] . It has also been found that the compound has potential inhibitory effects on cyclooxygenase-2 5 clinical phase II trials as an anticancer drug for treatment of human colon cancer 6 . However, the mechanisms by which resveratrol affects on cell apoptosis remain to be elucidated.
Although resveratrol is a potential therapeutic agent for cancer and cardiovascular disease treatment, its solubility in water is low 7 . Thus, the derivatives of resveratrol, resveratrol aliphatic acids have been synthesized in our laboratories ( Fig. 2) 7 . The resveratrol aliphatic acids have been found to have greater solubility in water. In addition, the binding affinity of the compound resveratrol hexanoic acid (R6A) to human serum albumin, a drug carrier, has been increased as high as 40-fold. To explore the biological effects of the resveratrol derivative, resveratrol carboxylic acids R2A and R6A were investigated in the inhibition of Toll-like receptor 2 (TLR2).
TLRs are recognitions of pathogens in the innate immune system aimed as defending the survival of the host [8] [9] [10] [11] . Thirteen TLRs have been identified and 10 of them are widely expressed in the human cells 8, [12] [13] [14] . Mammalian TLRs play a critical role in induction of innate immune and inflammatory responses 8, 15 . TLRs recognize cell wall products from various pathogens and transduce an activation signal into the cell 8, 10, 16, 17 . For example, TLR2 and TLR4, which are expressed on the cell surface, are involved in the recognition of structures unique to bacteria or fungi. TLR2 was identified as a key immune receptor in the TLR family with a large repertoire of ligands. Many classes of microorganisms, as well as the bacterial cell wall components peptidoglycan and lipoteichoic, have been found to activate TLR2 10, 18 . Overexpression of TLR2 resulted in cells susceptible to serum deprivationinduced apoptosis 19, 20 . However, the role of synthetic resveratrol aliphatic acids in TLR2mediated apoptosis is currently unknown.
Recent studies have suggested that stimulation of TLRs can result in apoptosis by triggering pro-apoptotic signaling. TLR2 stimulation activates the phosphoinositide 3-kinase (PI3-K)/ Akt signaling pathway 21, 22 . Akt regulates cellular activation, inflammatory response, and apoptosis. Activated Akt phosphorylates several downstream targets of the PI3K signaling pathway such as GSK3β. GSK3β is a constitutively active enzyme that is inactivated by Akt 22, 23 . GSK3β plays a pivotal role in regulating many cellular functions, including cell survival and apoptosis [22] [23] [24] .
In the present study, the role of resveratrol aliphatic acids in TLR2-mediated cell apoptosis has been investigated. We showed here that resveratrol aliphatic acid R6A inhibits TLR2-mediated apoptosis involving Akt/GSK3β pathway.
Results and discussion

R6A inhibits the expression of TLR2
Although it is established that resveratrol inhibits cell growth [2] [3] [4] , the mechanisms by which synthetic resveratrol aliphatic acids may affect TLR2-mediated apoptosis is not yet known. As reported previously, the inhibitory effects of resveratrol in proliferation had a dose-dependent manner 1, 2 . We selected 10 μM and 100 μM of compounds R2A and R6A as the appreciate concentrations for the following study. We treated HEK293 and HEK293 cells stably transfected with TLR2 (TLR2/HEK293) with R2A and R6A at different concentrations for 24 hours and then subjected to serum deprivation for different time periods. As shown in Fig. 3 , R6A treatment dramatically decreased the expression of TLR2. However, the treatment with R2A could not alter the expression level of TLR2 (data not shown). We then focused on the study of the role of R6A in TLR2-mediated apoptosis.
R6A attenuates the number of apoptotic cells through TLR2
To examine whether R6A plays a role in TLR2-mediated apoptosis, TLR2/HEK293 and HEK293 cells were treated with or without 100 μM of R6A for 24 h and then the experimental cells subjected to serum deprivation for 0, 12, and 24 h, respectively. The apoptotic cells were determined by TUNEL assay. As shown in Fig. 4 , overexpression of TLR2 was susceptible to serum deprivation-induced cell apoptosis. After serum deprivation for 12 and 24 h, the percentages of the apoptotic cells in control HEK293 cells were 11% and 25%, respectively, while 20% and 49% cell apoptosis was observed in TLR2/HEK293 cells. Interestingly, the TLR2/HEK293 cells treated with R6A and exposed to serum deprivation have a significantly lower number of apoptotic cells than those exposed to serum deprivation alone ( Fig. 4) . These data clearly show that R6A inhibits TLR2-mediated cell apoptosis.
Inhibition of TLR2 by R6A inhibits serum deprivation-reduced the levels of phospho-Akt
Recent studies have revealed that phosphorylation of Akt activates the enzyme, which modulates cell growth and survival 25, 26 . Akt is generally considered to promote cell survival and inhibit cell apoptosis [26] [27] [28] [29] . We and others have demonstrated that inhibition of TLRs increases the level of phosphorylated Akt (phospho-Akt) 30, 31 . In addition, we and others have reported that TLRs negatively regulate Akt activity 30, 31 . However, it seems that the function of TLR2, in some conditions, is not limited to negatively regulate the Akt pathway, since TLR2 also activates the Akt pathway. For example, stimulation of TLR2 induces the recruitment of active PI3K and Rac1 to the TLR2 cytosolic domain, resulting in activation of the Akt pathway.
To determine whether Akt is involved in TLR2-mediated apoptosis after R6A treatment, we examined the levels of phospho-Akt at Ser 437 in TLR2/HEK293 and HEK293 cells. We observed that serum deprivation significantly decreased the levels of phospho-Akt at Ser 437 in the TLR2/HEK293 cells (Fig. 5 ). Interestingly, R6A dramatically blocked serum deprivationreduced the levels of phospho-Akt in TLR2/HEK293 cells (Fig. 5 ). However, R6A did not significantly alter the level of phospho-Akt in HEK293 control cells (low level of endogenous TLR2 expression). This indicates that there are two possibilities. First, R6A also function through a pathway not involving alteration of the phospho-Akt. For example, TLR2-mediated MyD88 pathway is a key pathway in TLR2-mediated signaling pathways. While determining the exact pathway is beyond the scope of the current study it will be investigated in future. Second, our data indicated that the parental HEK293 cells possess a remarkable low level of endogenous TLR2 expression do not sensitize to TLR2-mediated Akt signaling. These data suggest that decrease of TLR2-mediated signaling will diminish Akt activity.
Effect of R6A on the levels of phospho-GSK3β in TLR2/HEK293 cells following serum deprivation
Glycogen synthase kinase-3β (GSK3β) is a constitutively active enzyme 23, 24 . GSK3β is an important downstream target of the Akt signaling pathway 23, 24, 30 . Phosphorylation of GSK3β on the inactivating residue serine-9 by Akt results in GSK3β inactivation 24, 32 . We determined the effect of R6A on phosphorylation of GSK-3β (phospho-GSK3β) following serum deprivation. As shown in Fig. 6 , serum deprivation dramatically decreased the levels of phospho-GSK3β in TLR2/HEK293 cells. Pretreatment of TLR2/HEK293 cells with R6A significantly attenuated serum deprivation-decreased the levels of phospho-GSK3β. However, neither serum deprivation nor R6A treatment could change the level of phospho-GSK3β in HEK293 control cells (Fig. 6 ). This suggests that R6A also function through a pathway not involving change of the phospho-GSK3β. This also suggests that HEK293 cells do not sensitize to TLR2-mediated GSK3β pathway. Since phospho-GSK3β is inhibitory for GSK3β activity, these results suggested that R6A decreases GSK3β activity through a TLR2-dependent manner.
Recent evidence demonstrated that TLRs and the Akt signaling pathways counter-regulate each other 33, 34 . Our studies showed that inhibition of TLR2 by R6A increases the level of phosphorylation of both Akt and GSK3beta compared to that in the control. These data are consistent with our and other's previous findings that TLRs negatively regulates the Akt/ GSK3β signaling pathways 30, 31, 33, 34 . 
Conclusion
In summary, our studies revealed that the compound R6A could effectively inhibit the expression of TLR2. Moreover, our results showed that R6A blocks TLR2-mediated apoptosis and an involvement of Akt/GSK3β pathway. Therefore, our data suggest that R6A is a novel and potent TLR2 inhibitor.
Materials and methods
Materials and instruments
Resveratrol was purchased from Sigma (St. Louis, MO, USA). Other chemicals for the synthesis and analysis were also from Sigma. The resveratrol derivatives R6A and R2A were synthesized and characterized as described previously by us 7 . The antibodies of total GSK3β, phospho-GSK3β, total Akt, and phospho-Akt were purchased from Cell Signaling Technology (Beverly, MA). The antibodies of TLR2, and GAPDH were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Cell culture
Human embryonic kidney HEK293 cells and HEK293 cells stably transfected with TLR2 (TLR2/HEK293) were kindly provided by Dr. Evelyn A. Kurt-Jones at the University of Massachusetts Medical School, Worcester, Massachusetts. These cell lines were grown in RPMI-1640 medium (Invitrogen Corporation, Carlsland, CA) supplemented with 10% heatinactivated fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA). Cultures were incubated at 37°C and 5% CO 2 in a fully humidified incubator.
Detection of apoptosis by TUNEL assay
The experimental cells were treated with or without R6A for 24 h and then treated serum deprivation for 0, 12h and 24 h. The apoptotic cells were determined by terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling (TUNEL) assay. Nucleosomal DNA fragmentation in cells was determined by the TUNEL assay using an in situ apoptosis detection kit (Roche Diagnostic, Indianapolis, IN) according to the manufacturer's instructions and our previous publication 35 . The number of apoptotic cells was counted in randomly selected fields to calculate the ratio of apoptotic cells and total cells.
Western blot
Western blotting was performed as described in our previous publications 21, 26 . Briefly, equal numbers of cells were lysed in RIPA Lysis Buffer, which was composed of 1% Nonidet P-40, 50 mM HEPES, 150 mM NaCl, 500μM orthovanadate (Fisher Scientific, Fairlawn, NJ USA), 50 mM ZnCl2, 2 mM EDTA, 2mM PMSF, 0.1% SDS, and 0.1% deoxycholate. The lysates were separated by 12% SDS-PAGE then transferred to a nitrocellulose membrane (Bio-Rad, Hercules, CA). The membrane was then incubated at room temperature in a blocking solution composed of 5 % skim milk powder dissolved in 1×TBS for 1 h. The membrane was then incubated with the blocking solution containing first antibody overnight at 4°C. After washing three times with TBS-T for 5min, the blot was incubated with a second antibody. The blot was again washed three times with TBS-T before being exposed to the SuperSignal West Dura Extended Duration substrate (Pierce Biotechnology, Rockford, IL).
Statistical analysis
All data were represented as means ± SEM. The data were analyzed using one-way analysis of variance (ANOVA) followed by Bonferroni tests to determine where differences among groups existed. Differences were considered statistically significant for values of p < 0.05. R6A decreases the expression of TLR2. HEK293 and TLR2/HEK293 cells were treated with R6A at 0, 10μM, or 100μM for 24 h and then subjected to serum deprivation (SD) for 0, 12, and 24 h, respectively. Cell lysates were probed for TLR2 expression by Western blot. Representative results of TLR2 immunobloting are shown at the top of each pane. Results represent mean ± s.e.m. of three independent experiments. * p < 0.01 compared with TLR2/ HEK293 cells for SD 12 h without R6A treatment group. ** p < 0.01 compared with TLR2/ HEK293 cells for SD 12 h with 10 μM R6A treatment group. # p < 0.01 compared with TLR2/ HEK293 cells for SD 24 h without R6A treatment group. ## p < 0.01 compared with TLR2/ HEK293 cells for SD 24 h with 10 μM R6A treatment group. Effect of R6A on the levels of phospho-Akt in TLR2/HEK293 cells following serum deprivation. HEK293 and TLR2/HEK293 cells were treated with R6A at 0, 10μM, or 100μM. At 24 h after treatment, the cells were employed to serum deprivation (SD) for 0, 12, and 24 h, respectively. The levels of phospho-Akt and total Akt were determined by Western blot with specific antibodies. Representative results of phospho-Akt and total Akt immunobloting are shown at the top of each pane. * p < 0.05 compared with TLR2/HEK293 cells for SD 12 h without R6A treatment group. ** p < 0.05 compared with TLR2/HEK293 cells for 12 SD with 10 μM R6A treatment group. # p < 0.01 compared with TLR2/HEK293 cells for SD 24 h without R6A treatment group. ## p < 0.01 compared with TLR2/HEK293 cells for SD 24 h with 10 μM R6A treatment group.
Figure 6.
Inhibition of TLR2 by R6A inhibits serum deprivation-reduced the levels of phospho-GSK3β. We treated HEK293 and TLR2/HEK293 cells with R6A at 0, 10μM, or 100μM. After 24 h treatment, the cells were subjected to serum deprivation (SD) for 0, 12, and 24 h, respectively. The cells were harvested and the levels of phospho-GSK3β and total GSK3β were determined by Western blot with specific antibodies. Representative results of phospho-GSK3β and total GSK3β immunobloting are shown at the top of each pane. Results represent mean ± s.e.m. of three independent experiments. * p < 0.05 compared with TLR2/HEK293 cells for SD 12 h without R6A treatment group. ** p < 0.05 compared with TLR2/HEK293 cells for 12 h with 10 μM R6A treatment group. # p < 0.05 compared with TLR2/HEK293
